Fluid identification and fracture detection are important tasks in unconventional reservoir (tight gas sand and shale gas) characterization. We establish an approach to directly predict the fluid/porosity term and dry fracture weaknesses based on azimuthal elastic impedance inversion. Under the assumptions of small fracture weakness and low porosity, we simplify expressions relating stiffness parameters, and derive P-to-P reflection coefficient and azimuthal elastic impedance in terms of fluid/porosity term and dry fracture weaknesses. A least-squares algorithm is employed to invert seismic data, partially-stacked over the incidence angle, for elastic impedance at different azimuths, and subsequently a Bayesian Markov Chain Monte Carlo method is used to transform the azimuthal elastic impedance values into the fluid/porosity term and dry fracture weaknesses. Stability and accuracy are analyzed on synthetic data, wherein we conclude the fluid/porosity term and dry fracture weaknesses are correctly estimated in the presence of moderate data error or noise. The stability of the proposed inversion approach is confirmed on a field data set, within which we observe that reasonable parameters are determined. We conclude that this particular workflow and its underlying geophysical assumptions form a potentially powerful approach for fracture prediction and fluid discrimination.
INTRODUCTION
Effective models, especially the Hudson (1980) pennyshaped cracked model and the linear slip model (Schoenberg and Sayers, 1995) , can be used to analyze how fractures affect stiffness parameters. Schoenberg and Sayers (1995) derived a fluid content indicator in terms of fracture compliances; Bakulin et al. (2000) re-expressed this indicator in terms of velocity ratio and fracture weaknesses. Significant effort has since been expended to, first, predict elastic parameters (velocity or impedance, density, etc.) as well as fracture weaknesses from azimuthal seismic data, and then, second, calculate the indicator (Chen et al., 2014a (Chen et al., , 2014b . Rather than employing this indirect method, we consider the possibility of estimating the fluid/porosity term (Russell et al., 2011) and dry fracture weaknesses directly from observed seismic data. Shaw and Sen (2004, 2006) derived linearized reflection coefficients for weakly-anisotropic media. Based on these derived reflection coefficients, amplitude variation with offset and azimuth (AVOA) signals may be inverted to estimate the weak anisotropy parameters. However, AVOA data are strongly affected by random noises, and given no independent constraints, AVOA inversion problem is unstable and ill-conditioned (Downton et al., 2007) . This can be addressed by extending the ideas of elastic impedance (EI), which is an extension of acoustic impedance (Connolly, 1999) , to include (Martins, 2006) azimuthal variations in terms of weak anisotropy parameters. Workflows wherein first EI is predicted from seismic data, and second elastic parameters are determined from the EI results, have been reported as successful (Chen et al., 2014b) . In this paper, using Huang et al. (2015) equations for fluid substitution in HTI media, we first determine simplified stiffness parameters under some assumptions. Then, we derive P-to-P reflection coefficient, and azimuthal EI, in terms of the fluid/porosity term and the dry fracture weaknesses. In order to estimate the fluid/porosity term and dry fracture weaknesses given observed seismic data, we first set up a least-squares algorithm to estimate EI from seismic data partially stacked over the incidence angle at different azimuths. We then use a Bayesian Markov Chain Monte Carlo (MCMC) method to extract both the fluid/porosity term and dry fracture weaknesses from the estimated azimuthal EI. We evaluate the workflow with synthetic and field tests. Tests on synthetic seismic gathers confirm the stability of fluid/porosity term and dry fracture weaknesses estimates. The field data test demonstrates that reasonable inversion results for fracture prediction and fluid discrimination emerge from the approach. 
THEORY AND METHOD

Reflection coefficient and azimuthal elastic impedance
where and Sw is 0.9; (b) N  is 0.1, and  is 0.12; and (c) Sw is 0.9, and  is 0.12. The parameter  is the total porosity. Minerals making up the host rock are quartz and clay (with volumes 0.1 and 0.9), and the infill fluid is a homogenous mixture of gas and water.
We observe that the approximation error tends to increase with the porosity, water saturation, and the normal fracture weakness, which indicates that the simplified stiffness parameters will be particularly effective in a fractured reservoir with high gas-saturation that has low porosity and small fracture weaknesses. Shaw and Sen (2004, 2006) present the relationship between reflection coefficient and the scattering function
where  is P-wave incidence angle, C is a vector of perturbation in stiffness matrix,  is the density, and   is the density perturbation. Shaw and Sen (2006) present the detailed elements of the vector  . Using equation (1), we first express the vector of perturbation in stiffness matrix, and then employ the relationship to derive a linearized reflection coefficient (2003), we express the reflection coefficient as a time-continuous function, and utilizing the relationship between reflection coefficient and EI, we obtain the azimuthal logarithmic EI (LEI)
where
, and
 
T t  are time-sampled Lamé constants, density, fluid/porosity term, and dry fracture weaknesses, respectively.
Azimuthal EI inversion and parameter estimate
We next consider the two step problem of stable inversion for the fluid/porosity term and dry fracture weaknesses. The first step is to utilize seismic data partially stacked over incidence angle to predict the azimuthal LEI, after which we extract the fluid/porosity term and the dry fracture weaknesses from the azimuthal LEI. A convolution model for measured seismic traces can be derived 
where  is the damping factor, and mod X is the model constraint, and T denotes the matrix transpose
Estimating fluid/porosity term and dry fracture weakness
After obtaining the azimuthal LEI, we proceed to the second step to extract the fluid/porosity term and the dry fracture weaknesses. We use Bayes' theorem to make probabilistic estimates of the unknown Lamé constants, density, fluid/porosity term, and dry fracture weaknesses. Let m be a vector containing these unknowns:
Let the estimated LEI quantities be contained in a vector d , and further let this vector constrain the possible values in m . The posterior probability distribution function (PDF),
where   | P dm is the likelihood function, and   P m is the prior probability function. Under the assumption of uniform uncorrelated Gaussian noise, we set the likelihood function to be 
We use the Metropolis-Hastings algorithm to find reasonable solutions, which is implemented in a two-step procedure. Let y represent the current model parameter vector in the Markov chain. First, we select a proposal distribution 
A random number,
, is generated and compared with  . If U   , we adopt the candidate * y , in turn, we use y to reconstruct a new candidate. After obtaining a certain number of the adopted candidate values, we calculate the average of these values to preserve as the inversion result.
EXAMPLES
Synthetic tests
A well log model and 40 Hz Ricker wavelet, are used to create synthetic seismic gathers at different azimuth angles based on the convolution model. The azimuth angles are 0 0 , 30 0 , 60 0 , and 90 0 , and the incidence angle range is 1 0~3 0 0 . For each azimuth, the seismic gathers are partially stacked over the incidence angle, after which we can obtain the small, middle, and large incidence angle seismic gathers, which become the input data set in the inversion for azimuthal LEI. Gaussian random noise, is added to the synthetic gathers to ascertain the robustness of the inversion method. Figure 2 shows comparisons between true values and inversion results of unknown parameters. We observe that the unknown parameters are estimated reasonably even in the case of the SNR being 2. 
Real data
A field data set is next utilized to further validate the stability of the proposed inversion method. The data set underwent AVO-compliant preprocessing prior to its distribution to the researchers involved in this study. We first implement the inversion for the azimuthal LEI with the model constrained damped least-squares method. The estimated azimuthal LEI from the partially stacked seismic data are plotted in Figure 3 . We proceed with the extraction of the fluid/porosity term and the dry fracture weaknesses from the estimated azimuthal LEI using the Bayesian MCMC inversion method. The estimated unknown parameters are plotted in Figure 4 . We observe that in the location of the target reservoir, the dry Lamé constants and the fluid/porosity term show relatively low values, and the dry fracture weaknesses show relatively high values, which serves as an indicator that the target reservoir is potentially gas-bearing and fractured.
CONCLUSIONS
With the simplified stiffness parameter expressions in hand, the next ingredient to be derived is the P-to-P reflection coefficient and then the azimuthal elastic impedance (EI), both in terms of dry Lamé constants, density, the fluid/porosity term, and the dry fracture weaknesses. We establish an approach to estimate the fluid/porosity term and the dry fracture weaknesses from azimuthal seismic data. The estimation is implemented as a two-step inversion, which includes using an initial-model constrained damped least-squares method to predict azimuthal LEI from seismic data stacked over the incidence angle at different azimuths, and employing a Bayesian Markov Chain Monte Carlo (MCMC) inversion algorithm to extract the dry Lamé constants, density, fluid/porosity term, and dry fracture weaknesses from the predicted azimuthal LEI. Synthetic tests verify the basic accuracy and stability to random data error and uncertainty of the estimation of the rock parameters including the fluid/porosity term and the dry fracture weaknesses in the case that seismic data contain a moderate noise. Given field data in the form of processed angle gathers, whose preprocessing maintains amplitude integrity to the extent this is possible, our approach appears to provide output interpretable in terms of fluid identification and fracture detection. 
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